Graphical Abstract Highlights d RNA-binding proteins are prevalently localized on active chromatin regions d Active gene promoters are major hotspots for interaction with RNA-binding proteins d Multiple RNA-binding proteins are directly involved in transcription control d RBM25 mediates YY1 function in chromatin binding, DNA looping, and transcription
INTRODUCTION
RNA-binding proteins (RBPs) have been studied on an individual basis for their functions in RNA metabolism, but recent global surveys of proteins that are UV crosslinkable to RNA reveal a large number of both canonical and non-canonical RBPs (Baltz et al., 2012; Bao et al., 2018; Castello et al., 2012; Kwon et al., 2013) . Various typical DNA-binding proteins are also long known to bind both DNA and RNA (Cassiday and Maher, 2002) , which has been extended to many transcription factors (TFs), such as CTCF (Kung et al., 2015; Saldañ a-Meyer et al., 2014) ; enzymes involved in DNA repair, like Ku80/XRCC5 (Baltz et al., 2012; Ting et al., 2005) ; and transcription complexes, exemplified by polycomb complex 2 (PRC2) (Davidovich et al., 2015) . Current estimates suggest that as many as 1,500 proteins have the capacity to bind RNA in the human genome (Gerstberger et al., 2014) , and given such a large unexpected repertoire of RBPs in mammalian cells, we now need to study their functions beyond the traditional framework.
RBPs are involved in all aspects of RNA metabolism. Now, a well-accepted theme is that many RNA-processing events are tightly coupled with transcription (Bentley, 2014) . Co-transcriptional RNA processing enables not only efficient and sequential recognition of emerging cis-acting regulatory elements in nascent RNA but may also affect downstream RNA fate, as documented for the role of gene promoters in specifying alternative splicing (Cramer et al., 1997; Moldó n et al., 2008) , RNA stability (Bregman et al., 2011; Trcek et al., 2011) , alternative polyadenylation (Oktaba et al., 2015) , and even translational control in the cytoplasm (Zid and O'Shea, 2014) . These findings highlight functional integration of transcriptional and post-transcriptional machineries. As such, efficient coupling would require intimate interactions of key components of different machineries, suggesting that various RBPs may be directly involved in such integration processes through their actions on or in the proximity of chromatin.
It has also become clear that mammalian genomes are more actively transcribed than previously anticipated (Djebali et al., (1) (2) (3) (4) (5) (6) (6) H3K9me3 Figure 1 . General Features of Chromatin-Associated RBPs (A) Summary of RBPs surveyed by ChIP-seq in HepG2 and K562 cells. The 25 RBPs that produced high-quality ChIP-seq data are grouped into five classes: (1) hnRNP proteins, (2) SR proteins, (3) TFs that bind RNA, (4) proteins containing RNA-binding motif (RBM), and (5) others. Dark blue, high-quality data that met the ENCODE standards and showed a minimal number (R200) of specific binding peaks; light blue, ChIP-seq data that met all other ENCODE standards except for sequencing depth (<10 million non-redundant reads) or the number of specific binding peaks (<200); gray, no signal enrichment after IP despite efficient IP detected by western blot; white, not investigated. (B) A typical genomic region displaying annotated gene structures and four key chromatin features determined by ENCODE on HepG2 cells. The ChromHMM segments highlighted by red and orange correspond to promoters and enhancers, respectively. (C) Circos plot showing the relationship between collective RBP-chromatin interactions, open chromatin regions detected by DNase I hypersensitivity, and key histone modification events in HepG2 cells. Chromosome 20 is magnified to illustrate positive and negative correlations with key histone modification events. (D) Coverage of individual histone modification events by chromatin-associated RBPs in HepG2 and K562 cells and the accumulative coverage of all chromatin regions associated with at least one biochemical activity (red line). (E) RBP occupancy on specific states of ENCODE-annotated genome segmentation in HepG2 cells. The seven states of segmentation are: R, repressive regions; PF, promoter flanking regions; T, transcribed regions; CTCF, CTCF-binding sites; WE, weak enhancers; E, enhancers; TSSs, transcription start sites/promoters. 2012). Besides the production of typical protein-coding mRNAs, mammalian genomes also generate numerous non-coding RNAs, including long non-coding RNAs (lncRNAs), many of which are directly involved in transcription control (Fu, 2014; Rinn and Chang, 2012; Vance and Ponting, 2014) . Furthermore, transcriptional enhancers also produce enhancer-associated RNAs (eRNAs), which may mediate enhancer-promoter communications to enhance gene expression (Kim et al., 2010; Lam et al., 2014; Wang et al., 2011) . In principle, various regulatory RNAs likely enlist specific RBPs to execute their functions. Indeed, increasing evidence suggests that many RBPs have direct roles in transcription, as exemplified by the elucidated function of typical splicing regulators in transcription, including SRSF2 (Ji et al., 2013) , RBFox2 , NONO (Shav-Tal and Zipori, 2002) , HNRNPL (Kuninger et al., 2002) , and HNRNPK (Michelotti et al., 1996) . In fact, PGC1a, an extensively characterized master regulator of metabolic programs in mammals, is structurally a typical RBP (Puigserver and Spiegelman, 2003) . More recently, even the typical TF YY1 appears to bind enhancers in an RNA-dependent manner (Sigova et al., 2015) , which may underlie its newly elucidated role in mediating enhancer-promoter looping (Weintraub et al., 2017) . These findings raise the possibility that many RBPs may actually function as bona fide TFs.
This emerging picture for specific RBPs to participate in transcription and co-transcriptional RNA processing raises the question of how prevalently RBPs exert their functions at the level of chromatin. To address this global question, we participated in an ENCODE project to survey RBPs on chromatin by chromatin immunoprecipitation sequencing (ChIP-seq), initially focusing on RBPs that have specific antibodies available and are predominately or partially localized in the nucleus. Among 58 and 45 RBPs respectively analyzed on HepG2 and K562 cells, $60% showed strong association with chromatin. We further took advantage of this rich resource to intersect RBPchromatin interactions with ENCODE ChIP-seq profiles for TFs in the same cell lines to reveal numerous co-binding events, thus providing evidence for coordinated actions of TFs and RBPs.
Focusing on a recently elucidated regulatory paradigm in YY1mediated gene expression, where YY1 appears to bind chromatin in an RNA-dependent fashion (Sigova et al., 2015) and to play a larger role than CTCF in mediating enhancer-promoter interactions in the human genome (Weintraub et al., 2017) , we pursued the transcription function of a key YY1 co-binder RBM25, revealing that this RBP is required for strengthening nearly all YY1-dependent transcription activities in the human genome. These findings highlight the possibility that transcriptional and post-transcriptional RNA processing may be more functionally intertwined than just acting at similar times and places, with many traditional components of the prospective machineries playing direct and diverse functions in regulated gene expression.
RESULTS

Selection of RBPs for Large-Scale Survey by ChIP-Seq
To broadly investigate the potential function of RBPs at chromatin levels, we conducted a systematic ChIP-seq survey of 58 and 45 RBPs in HepG2 and K562 cells, respectively (Figure 1A;  Table S1 ). These RBPs were selected for this discovery-driven study based on the following criteria: (1) partial or exclusive localization in the nucleus; (2) availability of antibodies capable of specific and efficient immunoprecipitation for detecting possible RBP-chromatin interactions based on a previous survey (Sundararaman et al., 2016) and additional screening efforts (Table S1 ); (3) representation of diverse RNA-binding domain structures (e.g., SR proteins, RNA-binding motif-containing proteins, KH domain-containing proteins, etc.) and functional classes (e.g., spliceosome components, RNA helicases, etc.); (4) prior information on certain RBPs either as components of specific TF-containing complexes or with well-documented effects on transcription (e.g., NONO, GTF2F1, POLR2G, SFPQ, and TARDBP). Many of these RBPs ($44) are expressed in both cell lines based on the existing ENCODE RNA sequencing (RNA-seq) data, thus enabling analysis of both common and cell-type-dependent functions.
To ensure the data quality, all ChIP-seq experiments were performed in replicate and following the ENCODE standards established for TFs (https://www.encodeproject.org/chip-seq/ transcription_factor/). Because RBPs may not associate with chromatin as tightly as typical TFs, we made some modifications to enhance the ChIP efficiency (see Method Details). On average, we obtained $12 million usable reads for each library after excluding low-quality, multi-mapped reads and PCR duplicates (Table S1 ). We identified confident peaks by using the SPP (sequencing processing pipeline) peak calling algorithm (Kharchenko et al., 2008) , with the threshold for IDR (irreproducible discovery rate) set at 0.02 , both according to the ENCODE Uniform ChIP-seq Processing pipeline (see Method Details). Our data for POLR2G (aka RBP7), an RNAPII subunit with the documented ability to bind RNA, were highly consistent with the previously produced TF ChIP-seq for POLR2A, the largest subunit of RNAPII ( Figure S1A ), indicating the robust data generated under our standardized conditions.
Global Features of RBP-Chromatin Interactions
Using the high-quality dataset, we first asked how many RBPs are associated with chromatin, finding that 51.7% (30 of 58) RBPs in HepG2 and 64.4% (29 of 45) in K562 showed extensive and specific interactions with chromatin ( Figure 1A ). These RBPs typically exhibited several hundred to more than 10,000 peaks on chromatin ( Figure S1B ), as exemplified on a multi-gene locus ( Figure 1B) . In most cases, RBPs showed strong binding in both HepG2 and K562 cells, with three RBPs in HepG2 and six RBPs in K562 cells exhibiting marginal association in one or both cell types (highlighted in light blue in Figure 1A ; listed in Table S1 ).
These data reveal that a large portion of nuclear RBPs act at the chromatin level.
We next characterized global features of RBP-chromatin interactions. Focusing first on the data from HepG2 cells, it became immediately evident that RBPs generally prefer open chromatin regions according to ENCODE-annotated chromatin states (compbio.mit.edu/ChromHMM) and DNase I hypersensitive sites, which are often associated with CTCF-binding sites and CpG islands, as seen on a representative genomic segment ( Figure 1B ). This reflects a global trend, as RBP-chromatin interactions tended to positively correlate with active histone modifications (e.g., H3K27ac, H3K4me3, and H3K36me3, markers for activated enhancers, active promoters, and transcribed regions, respectively) but negatively correlate with repressive H3K9me3 marker (Figures 1C, further highlighted on chromosome 20 in the insert, and S1C; Table S2 ). This general pattern was quite consistent when extending the analysis to additional histone modifications and to both cell lines. Collectively, among RBPs showing detectable chromatin association, we found that $30%-40% of biochemically active chromatin regions have evidence for association with at least one RBP ( Figure 1D ).
Promoters as Hotspots for RBP Binding
Strikingly, all chromatin-associated RBPs showed a general preference for gene promoters. However, it was equally clear that different RBPs exhibit preference for different sets of promoters while some specific promoters are bound by multiple RBPs (see examples in Figure 1B ), reminiscent of similar but distinct chromatin-binding profiles of various TFs (Consortium, 2012; Gerstein et al., 2012; Moorman et al., 2006) . To globally characterize the binding preference of individual RBPs surveyed, we assigned ChIP-seq peaks of each RBP to seven ENCODEannotated genome segmentations and assessed the relative distribution of peaks for each RBP among these segmentations (Figures 1E and S1D) . These data clearly suggest that, like TFs, active promoters are also hotspots for RBPs.
Collectively, the chromatin-associated RBPs we surveyed covered $70% of promoters in HepG2 and $80% in K562 cells (Figures 1E, right, and S1D) . Power analysis indicates that all or almost all promoters are likely to be bound by one or more RBPs, even after we excluded the RBPs (i.e., NONO, GTF2F1, POLR2G, SFPQ, and TARDBP) that have previously been implicated in transcription control ( Figure S1E ). Importantly, individual RBPs appear to have distinct preferences for different promoters rather than binding indiscriminately to open chromatin (see Figure 1B) . We illustrated this by randomly distributing the RBPbinding sites to open chromatin regions based on mapped DNase I hypersensitive sites and then counting co-localized RBP-binding sites, assuming that all RBP chromatin association would be mediated by their general affinity for open chromatin. The distribution of real data is clearly distinct with the simulated one, with the former showing a trend toward decreased co-binding observed in both cell types ( Figure S1F ).
We also determined the relative contribution of individual RBPs to each genomic segmentation type, as indicated by relative bubble sizes (see Figures 1E and S1D ). This reveals that, relative to other RBPs, HNRNPK is a major RBP on repressive regions, consistent with its previously elucidated function in tran-scription repression (Pintacuda et al., 2017) . In contrast, AGO2 is enriched in transcribed regions in HepG2 cells. The specific chromatin-binding activities of both AGO1 and AGO2 reinforce the more recent realization of the functionality of small RNA machineries within the nucleus in both plants and animals Liu et al., 2018; Skourti-Stathaki et al., 2014; Taliaferro et al., 2013) . Interestingly, the three RBPs XRCC5, HNRNPL, and RBM25 appear to be more generally linked to promoters and enhancers than other RBPs (see below).
Specificity and Conservation of RBP Promoter-Binding Activities
The fact that promoters are the primary interface for RBP-chromatin interactions prompted us to look further into the promoterbinding profiles of individual RBPs. By classifying promoters into subgroups based on either epigenetic marks or specific sequence features (see Method Details), we found that RBPs collectively show a general preference for bivalent promoters marked with both H3K4me3 and H3K27me3, for active promoters modified by H3K4me3 alone, and for CpG island promoters in both cell lines (Figures 2A and S2A ). The enrichment of RBPs at bivalent and CpG island promoters might reflect the involvement of various RBPs in the dynamic regulation of gene expression via nascent RNAs and/or the formation of R-loops . However, the regulation and maintenance of transcriptome is clearly distinct between HepG2 and K562 cells, as bivalent genes are more prevalent than H3K4me3-only genes in HepG2 cells, but the opposite is true in K562 cells (Figures 2A and S2B ), suggesting that chromatin-associated RBPs may actively participate in cell-typespecific gene expression programs.
With respect to promoters of genes that function in different categories, we noted that four RBPs (i.e., RBM22, PRPF4, HNRNPUL1, and SNRNP70) exhibited additional enrichment on promoters of small RNA genes relative to promoters of protein coding and lncRNA genes ( Figure 2B ). Furthermore, PRPF4 was highly enriched on tRNA gene promoters and SNRNP70 on small nucleolar RNA (snoRNA) gene promoters ( Figures 2C and S2C ). The prevalent association of PRPF4 with almost all expressed tRNA gene promoters ( Figure S2D ) and its similar expression, localization, and protein domain with multiple RNAPIII subunits ( Figure S2E ) suggest that this RBP may be actively involved in tRNA transcription and/or co-transcriptional tRNA processing.
We next considered the position of RBP ChIP-seq peaks relative to transcription start sites (TSSs). We cataloged individual RBP ChIP-seq signals around annotated TSSs ( Figure 2D ; see Method Details). Although all RBPs showed binding events on both sides of TSSs, we noted three apparent classes of RBPchromatin interaction profiles based on their binding profiles around TSS: (1) upstream TSS (i.e., RBM25), (2) centered on TSS (i.e., GTF2F1), and (3) downstream TSS (i.e., RBFOX2), the third class being representative of the majority of RBPs in both cell types ( Figure 2D ). The TSS-centered binding pattern of GTF2F1 likely reflects its function as part of the core transcription machinery (Aso et al., 1992) , hinting that other RBPs with a similar association pattern might have a related function. The association of most RBPs with sequences downstream of TSS suggests that many RBPs may interact with chromatin in a nascent RNA-dependent manner, as we recently documented with RBFox2 and validated in this study with RBM22 and HNRNPL (see below).
Given the potential influence of nascent RNAs on RBP-chromatin interactions, we classified genes into subgroups with comparable expression levels between HepG2 and K562 cells and calculated the Jaccard Index (which measures the overlapped chromatin interactions for each RBP between the two cell types) to assess conservation of binding across cell types. This analysis uncovered at least three groups of RBPs based on hierarchical clustering of the Jaccard Index ( Figure 2E ). Specifically, HNRNPK, the only member in the first group, showed relatively constant conservation across the whole genome regardless of gene expression levels. The second group consists of a few RBPs that interacted with genes proportional to their levels of expression in both HepG2 and K562 cells. The third group, which includes most of the RBPs we surveyed, showed cell-type-spe- See also Figure S2 and Table S2 .
cific association patterns across all subgroups, suggesting their distinct functions in different cell types.
Roles of Promoter-Associated RBPs in Different Levels of Gene Expression
Given the tight association of RBPs with gene promoters, we next asked whether RBP-promoter interactions might reflect their roles in transcription by examining the relationship between promoter interaction and transcription output for each RBP. Focusing on HepG2 cells, we compared changes in gene expression at steady state before and after knockdown of each RBP. Before knockdown, the interaction of most RBPs with promoters correlated to target gene transcription activities ( Figure 3A , left), and upon knockdown, nearly all RBPs affected gene expression at steady state ( Figure 3A , middle; Table S2 ). Note that knockdown of HNRNPUL1 or RBFOX2 induced little change in gene expression likely because of modest reduction at protein levels as noted earlier (Van Nostrand et al., 2018) . Because changes in RNA-seq signals likely result from gene expression regulation at transcriptional and/or posttranscriptional levels, we selected a large subset of RBPs (n = 14) to directly measure their influence on gene expression at the transcriptional level by performing global run-on sequencing (GRO-seq) before and after knockdown (Tables S3 and S4; Figure S3A ). We found that at least six of these RBPs (i.e., RBM22, XRCC5, RBM25, HNRNPK, HNRNPLL, and U2AF1) had considerable direct impacts on transcription, each inducing differential expression of >500 genes upon knockdown ( Figure 3A , right). To determine whether the induced gene expression was linked to their promoter association, we further calculated the odds ratio for each RBP, asking whether RBPassociated promoters were more linked than unassociated promoters to induced gene expression measured by GRO-seq (Fisher's exact test). All six of these RBPs showed a significant odds ratio (>1, p < 0.05), based either on total regulated genes or separately on up-or down-regulated genes (Figures 3B and S3B) . These data strongly suggest that these RBPs directly participate in transcriptional control.
Compared to GRO-seq, RNA-seq measures a combined consequence of regulated gene expression at both transcriptional and post-transcriptional levels. We thus compared between GRO-seq and RNA-seq signals and observed three distinct patterns with respect to global changes in transcription versus RNA levels at steady state ( Figure 3C ). For HNRNPLL, we saw little concordance between RNA-seq and GRO-seq upon knockdown ( Figure 3C , top), indicating that this RBP may independently regulate transcriptional and post-transcriptional events. We observed a modest positive correlation with RBM25, suggesting that RBM25-mediated transcription may directly contribute to RNA levels at the steady state ( Figure 3C , middle). In contrast, we detected a negative correlation with XRCC5 (aka Ku80) ( Figure 3C , bottom), a helicase that has been mainly characterized for its role in DNA repair (Taccioli et al., 1994) and recently found to also bind mRNA (Baltz et al., 2012) . Such a negative correlation might result from selective roles of XRCC5 in inducing less stable RNAs and/or repressing more stable RNAs, possibilities that would be interesting to follow up.
Using the resultant chromatin association and gene expression data, we were particularly interested in testing the so-called (D) The distribution of RNA nuclear retention index (nuclear/(nuclear+cytoplasmic)) for each group of genes whose promoters were occupied by different RBPs. (E) Variable importance determined by Random Forest to evaluate the prediction power of each variable (see Method Details). Top ten RBPs are shown. (F) The distribution of RNA nuclear retention for genes with or without evidence for binding of RBM25 on their promoters. See also Figure S3 and Tables S2-S4. promoter loading model, in which promoter association events are thought to instruct downstream RNA processing events, such as RNA stability, export, or translation, as reported on a few specific cases (Bregman et al., 2011; Moldó n et al., 2008; Oktaba et al., 2015; Trcek et al., 2011; Zid and O'Shea, 2014) . For this purpose, we calculated the ratio of nuclear retention based on the cell fractionation sequencing (CeFra-seq) data in HepG2 cells (Benoit Bouvrette et al., 2018) and RBP knockdown-induced splicing changes (assessed by ''percent spliced in,'' or PSI) and determined the functional consequences in relationship with RBP chromatin-binding activities. Indeed, we noted a trend in which nuclear retention of mRNAs was inversely correlated with the number of RBPs detected at gene promoters ( Figure 3D ), which is the case for both protein-coding and noncoding genes ( Figure S3C ). We also found that different RBPs differentially contributed to this effect ( Figure 3E ), as determined by Random Forest (see Method Details). In particular, the promoter-association activity of RBM25 was most predictive of nuclear retention ( Figure 3F ). When separately analyzing coding and non-coding genes with or without evidence for RBM25 binding, it became more clear that the absence of RBM25 at promoters was pronouncedly linked to nuclear retention of lncRNAs ( Figure S3D ). These data suggest that many RBPs may co-transcriptionally facilitate RNA export, as previously reported (Kö hler and Hurt, 2007) . In contrast, we failed to detect any strong evidence for global coupling between promoter binding and RBPdependent splicing (data not shown). The lack of such global coupling does not rule out the possibility for specific coupling events, which requires further dissection on individual cases, as global coupling between promoter interaction and regulated splicing might be largely masked by other RBP-mediated regulatory events at gene promoters or RBP-regulated splicing after transcription.
Network Interaction of RBPs and TFs in the Human Genome
To understand how RPBs might affect transcription, we next considered the possibility that, like TFs, RBPs may partner with other proteins, as we previously demonstrated with the splicing factors SRSF2 (Ji et al., 2013) and RBFox2 . We thus asked how RBP-chromatin interactions might be coordinated with one another and with specific TFs. To this end, we integrated our RBP ChIP-seq data with available ChIP-seq data for TFs in HepG2 cells (Table S2 ) and analyzed their co-association events by using a newly developed nonnegative matrix factorization (NMF) approach (Li et al., 2017b) . This method employs a ''soft-clustering'' strategy, allowing one RBP to be assigned to more than one group, as applied to genomic context-dependent protein-protein associations (Gerstein et al., 2012; Xiong et al., 2015) . Using this approach (see Method Details), we first defined a unifying set of cis-regulatory elements (CREs) associated with individual RBPs and TFs. An occupancy profile was then constructed based on whether individual CREs were associated by each RBP or TF, followed by decomposing the occupancy profile into the mixture coefficient matrix and the basic matrix, with the former giving the resulting factor groups and coefficient values of individual RBPs and TFs in each group and the latter providing the probability of each CRE recognized by each factor group. In this analysis, it is also necessary to pre-determine a reasonable number of factor groups based on local maxima. In our case, we found 17 as an optimal group number ( Figure 4A) , with which the clustering became stabilized as revealed by cophenetic and dispersion correlation coefficients ( Figure S4A ) and the consensus matrix ( Figure S4B ). Each of these factor groups showed specific preference for different genomic regions according to ENCODE annotation ( Figure 4B ). It is important to emphasize that NMF analysis takes the binding patterns of all RBPs and TFs (n = 84) into consideration, and we grouped individual CREs based on dominant co-binding patterns. Therefore, any specific co-binding group does not necessarily exclude other relatively less dominant RBPs or TFs in binding to their CREs, and as a result, any specific pairwise co-binding events may be segregated into multiple CREs assigned to different NMF groups that were divided based on the most dominant co-binding events.
Consistent with the literature, group 3 contains three proteins, CTCF, RAD21 and SMC3, all of which are known to collaborate with one another in mediating long-distance genomic interactions (Merkenschlager and Odom, 2013; Ong and Corces, 2014) , and consistently, we found that these proteins were all predominantly localized in CTCF-enriched genomic segments in HepG2 cells ( Figure 4B ). Overall, the RBPs currently surveyed could be segregated into 5 out of a total of 17 groups, one of which (group 10) was only composed of RBPs ( Figure 4C ). Importantly, multiple factors in each group have evidence for physical interactions at protein levels (Warde-Farley et al., 2010) (blue edges in Figure 4C ). Previous studies revealed numerous high-occupancy target (HOT) regions in mammalian genomes that are targeted by an unusually high number of TFs (Moorman et al., 2006; Xie et al., 2013) . By ranking RBPs based on their fraction of peaks in HOT regions in the human genome and segregating them into four ascending quartiles, we also found that more than half of the RBPs in group 4 ranked together with various TFs at the top quartile, including PRPF4, SRSF4, and others ( Figure 4D ). Thus, like TFs, RBPs also show great preference for HOT regions in the human genome.
Evidence for Cooperative Binding of RBM25 and YY1 on Chromatin
We noted that the TF YY1 was clustered into two separate co-association groups: group 9, which contains multiple TFs as well as the RBP NONO, which is long shown to be a multi-functional nuclear protein involved in RNA processing, DNA repair and recombination, and transcription (Shav-Tal and Zipori, 2002) ; and group 13, which comprises YY1, XRCC5, and RBM25 (Figure 4C) , with the former two known to physically interact with one another (Sucharov et al., 2004) . Given the recent finding that YY1 appears to interact with DNA in an RNA-dependent manner (Sigova et al., 2015) , it is striking to note that 68% (25% for shared occupancy between YY1 and RBM25 and 43% for all three factors) of YY1 genomic-binding sites also exhibited RBM25 binding in HepG2 cells ( Figure 4E, top) , where 70% of their co-binding events occurred around TSS regions, although such co-occupancy was much less pronounced (14%, with 10% for co-occupancy between YY1 and RBM25 and 4% for all three factors) in K562 cells ( Figure S4C ). These observations suggest that RBM25 may play a broad role in modulating the transcriptional function of YY1 in a cell-type-specific manner.
To begin to explore this interesting possibility, we sought to showcase the utility of the current RBP ChIP-seq data to reveal previously unrecognized regulatory mechanisms for gene expression. We separately analyzed RBM25 and YY1-binding profiles in relationship to the distribution of YY1-binding motif around TSSs (Figure 4E , bottom) and observed that the core YY1-binding motif is enriched at the promoter regions that showed YY1 and RBM25 co-binding or YY1 binding alone, but not RBM25 binding alone, indicating that the core YY1-binding motif mediates YY1 binding. Interestingly, despite a similar distribution of the YY1-binding motif around TSSs, YY1 appears to bind more strongly to co-bound promoters than those bound by YY1 alone, suggesting that RBM25 might enhance YY1 binding. We further noted that the YY1-binding events were largely aligned with the YY1-binding motif on promoters bound by YY1 alone, but we detected a slight shift of YY1-binding events toward the composite RBM25-binding summit on co-bound Figure S4 and Table S2. promoters. This suggests that presence of RBM25 may shift the position of YY1 more upstream.
Functional Corporation of YY1 and RBM25 in Transcription
To pursue the potential functional requirement of RBM25 in mediating YY1-dependent transcription, we first verified RNA-dependent YY1 binding on chromatin, as reported on mouse embryonic stem cells (mESCs) (Sigova et al., 2015) . We selected multiple gene promoters that showed YY1-binding peaks in HepG2 cells from the ENCODE data (Table S2) and performed ChIP-qPCR for both YY1 and RBM25 in response to treatment with 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole (DRB) to block transcription (Table S5 ). We found, as previously reported, that YY1 binding was attenuated on all target loci upon DRB treatment, which was restored upon DRB washout ( Figure 5A ). We obtained the same quantitative trend with RBM25 ChIP-qPCR in response to DRB treatment and after DRB removal ( Figure 5B ), although different promoter regions appeared to differ in relative occupancy by YY1 versus RBM25. Given the observation that most RBPs appear to bind chromatin downstream of TSSs (see Figure 2D) , we extended the analysis to five more RBPs that showed impact on transcription determined by GRO-seq (see Figure 3A ). Interestingly, we found that three of these RBPs (RBM22, XRCC5, and HNRNPL) showed nascent RNA-dependent binding, while the other two (HNRNPK and HNRNPLL) did not ( Figure S5A ). These data suggest that some RBPs may use nascent RNA to gain access to gene promoters, while others may directly bind DNA sequences or participate in complexes assembled on gene promoters via interactions with other promoter-bound proteins.
Focusing on the mechanism underlying their potential cooperative binding, we next asked whether YY1 and RBM25 formed a complex and found that they indeed interact with one another based on reciprocal co-immunoprecipitation (coIP), which was insensitive to RNase A treatment, indicating that they likely interact either directly or via an intermediary, but clearly not RNA ( Figure 5C ). Note that, because the RBM25 antibody is much more efficient than anti-YY1 in western blotting, we detected stronger RBM25 signals in both of the reciprocal coIP experiments, indicating a tight association between YY1 and RBM25 in HepG2 cells.
We then performed small interfering RNA (siRNA)-mediated depletion of YY1 or RBM25 in HepG2 cells, which showed specific knockdown effects on each protein, but without detectable effect on the non-targeted protein ( Figure 5D ). Based on GROseq analysis of these cells, which showed highly reproducible patterns ( Figure S5B ), we identified a large number of up-or down-regulated genes in each case ( Figures S5C and S5D) , (legend continued on next page) as illustrated on typical up-and down-regulated genes (Figure 5E ). Comparison between fold-change (FC) in GRO-seq signals revealed a global concordance (Spearman correlation coefficient = 0.51) between YY1 and RBM25 knockdowninduced gene expression ( Figure 5F ). As knockdown of each factor caused both down-and up-regulation of a large number of genes, we found that, among commonly affected genes, the vast majority of up-and down-regulated genes were affected in the same directions ( Figure 5G ). Furthermore, the up-and down-regulated genes in response to knockdown of RBM25 or YY1 were both linked to their promoter association, as evidenced by the highly significant odds ratios in all pairwise comparisons ( Figure 5H ). As a control, we performed similar analysis after knocking down RBM22, an RBP also implicated in transcription but with distinct binding pattern from RBM25, and found little co-binding or minimal numbers of co-regulated genes between YY1 and RBM22, and among commonly affected genes, there were few coordinated changes in the same directions ( Figures S5E and S5F) . These data provide strong evidence that YY1 and RBM25 function as a complex in regulated gene expression, although it is also clear that both have independent targets, likely due to their additional partnership with other TFs and/or RBPs.
RBM25-Dependent YY1-Chromatin Interactions
To understand the mechanism for coordinated binding and regulation of transcription by YY1 and RBM25, we next asked whether RBM25 binding depends on YY1 or vice versa. We first performed ChIP-qPCR on the same panel of YY1-and RBM25-targeted promoters (see Figure 5A ) and found that RBM25 knockdown significantly reduced YY1 binding on all six target genes ( Figure 6A ), but not the other way around ( Figure 6B ). These observations indicate that RBM25 acts first on those target promoters, which is required for subsequent YY1 binding. To obtain global evidence for this, we performed ChIP-seq for YY1 before and after depleting RBM25 and ChIP-seq for RBM25 before and after depleting YY1 (Table  S6 ). As exemplified by two genomic loci shown ( Figure 6C) , it is clear that most, if not all, of YY1-binding events decreased upon RBM25 depletion, but RBM25 ChIP-seq signals remained largely unaltered upon YY1 depletion. Metagene analysis of RBM25 ChIP-seq signals on promoters, enhancers, and CTCF-binding sites demonstrated that RBM25 ChIP-seq signals were essentially insensitive to YY1 depletion ( Figure 6D ). As expected, the YY1 ChIP-seq signals were more prevalent at RBM25-associated genomic loci, and RBM25 depletion significantly attenuated YY1 binding on all three classes of DNA elements ( Figure 6E ). Statistical analysis showed that FCs in YY1 binding were more affected on genomic loci occupied by RBM25 than those without evidence for RBM25 association ( Figure 6F ). These data demonstrated that RBM25 is required for efficient YY1 targeting genome-wide in HepG2 cells.
RBM25 Modulates YY1-Mediated Long-Distance
Genomic Interactions YY1 has recently been found to be a structural regulator of enhancer-promoter loops, which appears to play a larger role than CTCF in such genomic interactions (Weintraub et al., 2017) . We thus wondered how RBM25 might modulate such YY1-mediated genomic interactions. To this end, we chose a newly developed Bridge-Linker-Hi-C (BL-Hi-C) technology, an improved version of Hi-C that utilizes a biotinylated linker to bridge HaeIII-cleaved GG/CC sites followed by biotin selection, library construction, and paired-end sequencing . As GGCC motifs are more frequently associated with promoters and enhancers in mammalian genomes, BL-Hi-C achieves a $5-fold increase in sensitivity over Hi-C in detecting genomic interactions . We performed BL-Hi-C on HepG2 cells before and after knockdown of RBM25 and generated duplicated libraries under each condition, obtaining $180 million raw reads from each library, and used the recommended chromatic interaction analysis by paired-end tag sequencing (ChIA-PET) software (Li et al., 2017a) to identify paired-end tags (PETs) from raw FASTQ data (see Method Details). We found that each library had $80% valid PETs (Figure S6A) , $80% of which were unique after removing PCR duplicates ( Figure S6B ). The ratio of intra-versus inter-chromosomal interactions is $8, indicating a rather robust signal-to-noise ratio.
Using these data, we found that the overall chromatin structure was nearly identical, not only between the replicates, which demonstrates the reproducibility of our libraries, but also between mock-treated and siRBM25-treated cells, as indicated by similar A and B compartments ( Figure S6C ) and overall chromatin interactions matrix ( Figure S6D ). These data suggest that the three-dimensional (3D) genome remains largely unaltered in RBM25-depleted HepG2 cells. We next focused on promoter-anchored interactions in the genome. On each annotated promoter, we counted PETs that connect the promoter to all other genomic loci and then calculated the ratio of such promoter-anchored PETs before and after RBM25 knockdown. We found that RBM25-knockdowninduced global changes in promoter-anchored PETs were slightly decreased ( Figure 6G ), likely reflecting both direct and indirect impacts of RBM25 depletion on transcription. We next used a q-value cutoff (q < 0.05) similar to the stringency in processing the HiChIP data from YY1-depleted mESCs (Weintraub et al., 2017) and focused on changes in significantly differential promoter-enhancer interactions. We found that promoter/ enhancer (PE)-linked PETs showed similar changes in both directions among all annotated promoters in the human genome ( Figure 6H ). We then divided these PE-linked PETs into four subclasses: (1) all active promoters, (2) active promoters and enhancers associated with YY1 binding alone, (3) active promoters and enhancers associated with YY1 and RBM25 co-binding, and (4) non-YY1-bound active promoters (see Method Details). We observed that, compared to all promoters and non-YY1 active (H) Gene promoters are subdivided into four different classes and separately analyzed for their interactions with active enhancers before and after RBM25 knockdown. The distribution of the log 2 -fold change of normalized PETs frequency is shown as boxplot (see Method Details). P, promoter; E, enhancer. *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired Student t test). See also Figure S6 and Tables S5 and S6. promoters, YY1 and RBM25 co-bound promoters and enhancers showed more reduced than increased PETs in response to RBM25 depletion. Promoters and enhancers associated with YY1 binding alone showed weaker changes compared to cobound ones ( Figure 6H ). The reduced PE interactions were further illustrated on the two representative YY1-and RBM25regulated genes (see bottom BL-Hi-C tracks in Figure 6C ). The reduced PE-linked PETs occurred on both up-and down-regulated genes, similar to the observation made in YY1-depleted mESCs (Weintraub et al., 2017) , likely because YY1 functions as a transcriptional activator or repressor on different genes. Collectively, these data demonstrated the role of RBM25 in YY1-dependent transcription by modulating YY1 recruitment and YY1-mediated genomic interactions.
DISCUSSION
RBPs are widely known to participate in various co-transcriptional RNA-processing events; however, increasing evidence suggests that specific RBPs may also have roles in transcription. In this report, we embarked on a discovery-driven project to map the chromatin association profiles of a sizable set of nuclear RBPs by ChIP-seq. Despite the fact that we have only surveyed <5% of $1,500 RBPs in two ENCODE cell lines, we found that these RBPs collectively occupy $40% of chromatin regions that show at least one biochemical activity (as defined by DNase I hypersensitivity, histone modifications, and transcription) and $80% of active gene promoters (as defined by H3K4me3 and H3K27ac). By extrapolation, it is possible that RBPs as whole may be involved in nearly all chromatin activities in the human genome. This suggests a general concept that transcription and co-transcriptional RNA processing may not simply be co-incident events in timing but may be more mechanistically integrated, with RBPs playing central roles in such integration.
It is important to emphasize that the RBP-chromatin interaction surveyed by ChIP-seq does not distinguish between direct and indirect binding to DNA. In fact, this also applies to many TFs, as TF-bound gene promoters often do not have sufficient underlying sequence motifs to support direct contacts, and to enhancers via the formation of various ''mega-trans'' complexes (Liu et al., 2014) . RBPs may be part of these mega-trans complexes to connect with regulatory RNAs, as demonstrated with various lncRNAs (Fu, 2014; Rinn and Chang, 2012; Vance and Ponting, 2014) . This may explain the increasing number of typical DNA-binding TFs that can also be UV-crosslinked to RNA, as exemplified by CTCF (Kung et al., 2015; Saldañ a-Meyer et al., 2014) , YY1 (Sigova et al., 2015) , and PRC2 (Davidovich et al., 2013; Kaneko et al., 2013) .
Comparison between RBP and TF ChIP-seq signals in HepG2 cells revealed a large number of TF and RBP co-occupancies on diverse DNA elements, particularly promoters and enhancers, suggesting their concerted functions at the chromatin levels. To explore the functional interplay between RBPs and TFs, we chose to focus on YY1 to perform detailed functional and mechanistic studies, given the recent unexpected finding that this typical TF appears to actually bind DNA in an RNA-dependent manner (Sigova et al., 2015) . Given extensive co-binding be-tween YY1 and RBM25, we detected reciprocal coIP between the two proteins and found that the two proteins regulate a large common set of genes at the level of transcription, where RBM25 appears to interact with target gene promoters first and then recruits YY1 to those promoters, both dependent on ongoing transcription. This functional interplay has been further linked to YY1-mediated genomic interactions. These findings illustrate a general framework to experimentally approach other RBP-TF co-occupancy events we have now uncovered.
A number of questions regarding YY1-and RBM25-regulated gene expression require further investigation. First, it is interesting that the DNA helicase XRCC5 may also participate in YY1-and RBM25-mediated regulation. Second, we currently do not know which type(s) of RNA is involved in the regulation. YY1 has been shown to bind both eRNAs and nascent RNAs transcribed from its target genes (Sigova et al., 2015) . It is curious to note that the binding summit of RBM25 is slightly upstream of TSSs, which might result from looped enhancers. However, according to our preliminary crosslinking immunoprecipitation (CLIP) analysis, RBM25 appears to predominantly interact with pre-mRNAs and spliced mRNAs, rather than eRNAs, and as with other RBPs, its RNA-binding profile does not correlate well to its occupancy on DNA. Thus, our current data do not permit us to deduce RNA involved in mediating RBM25-dependent interactions of YY1 on specific target promoters and/or enhancers. Third, we would like to interpret our BL-Hi-C data with caution with respect to the detected DNA-DNA interactions as a cause or consequence of regulated transcription. We clearly detected specific changes in YY1-associated genomic interactions in response to RBM25 depletion, but most changes are rather modest, although comparable to those detected in YY1-depleted cells (Weintraub et al., 2017) . In this regard, we note that the deterministic role of CTCF in genomic interactions is also under active debate (Barutcu et al., 2018; Kubo et al., 2017; Zuin et al., 2014) . Thus, TFs and RBPs may only be able to modulate specific genomic interactions within the general framework of 3D genome.
The active participation of RBPs in regulated gene expression may be pertinent to an emerging concept of phase separation during gene expression (Hnisz et al., 2017) . Compared to TFs, RBPs contain more low-complexity domains known to be instrumental in liquid-liquid phase separation (Lin et al., 2015; Molliex et al., 2015) . Although not all RBPs interact with chromatin in an RNA-dependent manner, many do, as we show in the current study. Collectively, we imagine that functional interactions among TFs, RBPs, RNAs, and target DNA segments may be coordinated to form specific zones to establish separate phases for gene activation or repression in the nucleus, which may underlie the formation of specific gene networks and nuclear subdomains that are visible under a microscope.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell Lines and Culture Conditions HepG2 (HB-805) cells derived from a 15-year-old male and K562 (CCL-243) cells from a 53-year-old female were both from ATCC and grown in accordance with ENCODE cell culture protocols. Briefly, HepG2 cells were cultured in MEM with 2mM L-glutamine (Cellgro, 10-010-CM) supplemented with 10% fetal bovine serum (Omega Scientific, FB-01), 1X non-essential amino acids (Cellgro, 25-025-CI), 100 U/mL penicillin, 100 mg/mL streptomycin (Cellgro, 30-002-CI), 1 mM sodium pyruvate (Cellgro, 25-000-CI), and 1.5g/L sodium bicarbonate (Cellgro, 25-035-CI). K562 cells were grown in RPMI 1640 with 2mM L-glutamine (Cellgro, 10-040-CM) supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 mg/mL streptomycin and 1 mM sodium pyruvate.
Antibodies
Antibodies against RBPs have been extensively characterized with for their high efficiency in immunoprecipitation and specificity in response to specific RBP knockdown according to the ENCODE RBP antibody characterization standard (Key Resources Table, see  also Table S1 for antibody ID number, which can be used to search the ENCODE website for the information on validating these antibodies.). Anti-YY1 from Proteintech (66281-1-lg) was used for western blot, co-immunoprecipitation and chromatin immunoprecipitation. Anti-b-actin (Sigma, A5441) and anti-GAPDH (Proteintech, 60004-1-lg) were used as loading control.
METHOD DETAILS
ChIP-seq Library Construction RBP ChIP-seq library construction and data analysis were performed as previously described (Van Nostrand et al., 2018) . Briefly, 1 to 2 3 10 7 HepG2 and K562 cells were crosslinked in 1% formaldehyde diluted in PBS for 20 min and then quenched with glycine. Cell nuclei were isolated, re-suspended in nuclear lysis buffer, and sonicated with Branson Sonifier cell disruptor for $7 cycles, each with 10 s sonication at 40% output power followed by resting on ice for 1 min. Sheared chromatin fractions were examined on agarose gel to ensure the size range from 100-600 bp and 95% of nuclear lysate diluted in the final concentration of 1% Triton X-100, 0.1% sodium deoxycholate and 1X proteinase inhibitor cocktail was subjected to immunoprecipitation with antibody-coupled beads and 5% of nuclear lysate was saved for constructing input control library. After decrosslinking, RNase A digestion and proteinase K treatment, recovered DNA was used for library construction according to the instruction of the Illumina Preparing Samples for ChIP Sequencing. Each library was barcoded for pooled sequencing. DNA Libraries between 200-400 bp were gel purified, quantified with Qubit and subjected to Illumina HiSeq-2000/2500 for sequencing.
Identification and Annotations of RBP ChIP-seq Peaks RBP ChIP-seq data were processed in accordance with ENCODE uniform transcription factor ChIP-seq pipeline (https://www. encodeproject.org/chip-seq/transcription_factor/) and using GRCh37 as the reference human genome. All datasets containing > 10 million usable reads from each replicate that passed IDR cutoff and generated > 200 peaks were used for final analysis. Annotated genome regions were according to GENCODE v19 gene annotation. DNaseI HS data, histone modification profiles generated by ENCODE/Broad Institute, and combined chromatin state segmentation by ChromHMM and Segway are available on the UCSC genome browser. The overlap between specific chromatin features and RBP ChIP-seq peaks was calculated using Bedtools (Quinlan and Hall, 2010) . Quantitative analysis ( Figure S1C ) of the association between histone modifications and RBP ChIP-seq signals and Circos visualization of the date (Krzywinski et al., 2009 ) ( Figure 1C ) were based on the sum of RBP ChIP-seq signals in each 2Mb interval in the human genome. Composite RBP ChIP-seq signals were determined and scaled around all TSSs for heatmap visualization ( Figure 2D ). HNRNPH1 is not included for data visualization on K562 cells due to scattered signals. A union set of ChIP-seq peaks was first determined as a reference for any pairwise comparison by merging all overlapped peaks ( Figures 4E, S4C and S5E) . The Homer software (Heinz et al., 2010) was used to search for YY1 DNA binding motifs within ± 1 kb promoter regions ( Figure 4E ).
Promoter Classification
Classification of bivalent, K4-only, K27-only, and none-K4-K27 promoters was as previously described . H3K27me3 and H3K4me3 ChIP-seq peaks were merged into clusters separately (Table S2) , if peaks were within the window of 2 Kb. Bivalent promoters were defined as those at TSS ± 2Kb with at least 500 bp overlap with both H3K37me3 and H3K4me3 peaks. K4-only or K27-only promoters were those without substantial overlap between H3K4me3 and H3K27me3 peaks. Other promoters were defined as none-K4-K27 promoters if they lacked either of the two histone modification marks. Similarly, classification of promoters into CpG promoters or non-CpG promoters was based on the overlap or lack of overlap with CpG islands defined on the UCSC genome browser. Any promoter with 200 bp overlap with CpG islands was considered as a CpG promoter, and otherwise, non-CpG promoter. In terms of functional classification, promoters of protein-coding genes, small RNA genes and all other non-coding RNA genes were defined based on the biotype determined by GENCODE gene annotation (v19).
Cell Type Conservation of RBP-Chromatin Interactions
Genome regions were partitioned into genic and intergenic regions based on the GENCODE annotation (v19). For genic regions, the expression level of each gene was determined based on the RNA-seq data generated on HepG2 and K562 cells, as described (Van Nostrand et al., 2018) . Genes were considered being expressed with matched levels between these two cell lines only when the percentile ranks of expression in two cell lines were comparable (rank difference % 0.05). Genes with matched expression levels were grouped into non-expressed genes (RPKM = 0 in both cell lines) or expressed genes (RPKM > 0), with the latter further divided into three groups consisting of equal number of genes, i.e., lowly-expressed, intermediately expressed, and highly expressed genes. Jaccard Index (which is measured as ratio of intersection over union of occupancy of individual RBPs between two cell types) was then determined as a proxy of cross-cell-type conservation of RBP binding group by group.
GRO-seq and Data Analysis
GRO-seq was performed as described previously . Briefly, $10 7 cells were harvested on ice. The nuclei were isolated with hypotonic buffer containing 0.5% NP-40 and used for the in vitro nuclear run-on reaction in the present of Br-UTP (Sigma). RNA was extracted with Trizol LS and nascent RNAs labeled with Br-UTP were purified on anti-BrdU agarose beads (Santa Cruz Biotechnology, sc-32323 AC). Purified nascent RNAs were treated with T4 polynucleotide kinase to remove phosphoryl group at 3 0 end and add phoshoryl group at the 5 0 end. After polyA-tailling, RNA was reverse transcribed; cDNA from a size range of 150-400 nt was PAGE-purified, and circularized by CircLigase II (epicenter, CL9021K). Circular cDNA was re-linearized with APE 1 (NEB) and amplified by PCR. The PCR products from 175-250 bp in size were PAGE-purified and sequenced on Illumina HiSeq-2500. GRO-seq reads were mapped on the human reference genome using the Bowtie2 local model (Langmead and Salzberg, 2012) , and non-redundant reads were determined and kept for downstream analysis by using Samtools . The longest transcript was selected as the representative of each gene for expression quantification. The expression level of each gene was calculated as RPKM in the region from +300 bp of TSS to gene end. DEseq2 package (Love et al., 2014) was used to search for differentially expressed genes (DEGs), which was defined with the following cutoff: adjusted p-value of % 0.05 and fold change of % 2/3 or R 3/2. To determine whether DEGs after knockdown of a specific RBP are associated with such RBP association with the corresponding promoters, equal number of genes with matched expression level either with or without RBP ChIP-seq signals was randomly sampled. Fisher's exact tests were then performed to determine the significant dependence between RBP-promoter interaction and differential expression. A significant dependence was defined when the null hypothesis was rejected at the level of 0.05 in at least 95 out of 100 times during random sampling.
Correlation Analysis of Nuclear Retention and RBP-Promoter Interaction
Taking advantage of the published fractional RNA-seq data (Benoit Bouvrette et al., 2018) , we simply defined the nuclear retention index as the ratio of RPKM in the nuclear fraction over the sum of RPKM in all fractions for each gene. In search for RBP whose promoter occupation is tightly associated with nuclear retention, we built a regression model by using the random forest algorithm. Nuclear retention index was taken as response variable, while the biotype of the gene and whether the gene was associated with RBP in promoter regions as independent variables. The model accuracy was assessed by leave-one-out cross validation in terms of Pearson correlation coefficient between the actual response variable and the predicted value.
NMF Analysis
A unifying set of cis-acting regulatory elements (CREs) was defined based on ChIP-seq peaks for 54 TFs (Table S2 ) and 30 RBPs in HepG2 cells. ChIP-seq peaks with the distance from their summits % 1 Kb were merged into one CRE by Bedtools. A matrix was then built, with 1/0 representing whether a CRE (row) was occupied or not by each TF/RBP (column). CREs occupied by multiple factors were then subject to NMF analysis as described (Li et al., 2017b) . First, the optimal rank was estimated in a given range from 2 to 35. The rank of 17 was selected due to the higher score for both cophenetic correlation coefficient (CPCC) and dispersion coefficient (see Figure S4A ). Then, NMF was run with the selected rank (-r 17 -n 100 -m KL -p 50). A consensus merge of the segmentations produced by the ChromHMM and Segway from the UCSC genome browser, and protein-protein physical interaction information from GeneMANIA (http://genemania.org) were used to annotate the CRE elements, and the resulting TF/RBP groups by NMF. Each CRE was classified into one of the 17 NMF groups, each exhibiting the highest probability in recognizing the CRE than any other factor group ( Figure 4B ). CREs with occupation by more than half TF/RBP (R42) were defined as HOT regions.
Co-immunoprecipitation and western blot
Approximately 10 7 HepG2 cells were lysed in cold co-IP buffer (20 mM Tris-HCl pH8.0, 2mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.1% SDS and 1X proteinase inhibitor cocktail (Roche)) for 30 min at 4 C with rotation. After coupling with antibodies according to the ChIP protocol, beads were incubated with cleared-up cell lysates overnight at 4 C with rotation, washed 3 times with co-IP buffer and eluted with 10 mM DTT in TE buffer for 30 min at 37 C with shaking in ThermoMixer C (Eppendorf). Co-IP with RNase A treatment was performed as previously described (Ji et al., 2013) . Total protein or co-IPed samples were resolved by 10% SDS-PAGE and transferred to PVDF membrane (Bio-Rad). The membrane was blocked with 5% nonfat milk for 1 h at room temperature, incubated with primary antibody (1:5000 dilutions of anti-RBM25 and anti-YY1, 1:10000 dilutions of anti-b-actin and anti-GAPDH) for 1 h at room temperature, and after wash several times, the blot was developed with HRP-conjugated secondary antibodies (Cell Signaling Technology) for 1 h at room temperature. Immunoblot signals were detected by autoradiography after application of SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo).
RBP Knockdown with siRNA
The siRNA duplex sequences were listed in Table S3 . siRNAs against PCBP2, SRSF4, HNRNPH1, U2AF1, U2AF2, PTBP1, RBM22, AGO1, AGO2, XRCC5, HNRNPL, HNRNPK, HNRNPLL and RBM25 were purchased from Bioneer and siRNA against YY1 was synthesized by GenePharma. siRNAs were transfected into cells with Lipofectamine RNAiMAX (Life Technology) using the reverse transfection protocol. Western blot and functional studies were performed 72 h after transfection.
DRB treatment and ChIP-qPCR DRB treatment was performed as described previously (Sigova et al., 2015) . Briefly, ChIP-qPCR was performed after treatment of cells with 100 mM DRB for 30 min (DRB treatment) and for 3 h followed by two quick rinsing and replacing fresh media without DRB for 30 min (DRB removal). The primers used for ChIP-qPCR are listed in Table S5 . 0.5 mM EDTA, 1 M NaCl) followed by resuspension in 1X B&W buffer containing 1 mg of pre-heated Salmon Sperm DNA solution and rotation for 30 min at room temperature. After washing twice with 100 mL of 1X B&W buffer, beads were resuspended with 130 mL of 2X B&W buffer, combined with sonicated DNA and rotated for another 45 min at room temperature. Beads were washed five times with 500 mL of 2X SSC containing 0.5% SDS, twice with 500 mL of 1X B&W buffer and once with 100 mL Buffer EB (QIAGEN). DNA on beads was end-repaired in the reaction containing 75 mL ddH 2 O, 10 mL of 10X T4 DNA ligase buffer, 5 mL of 10 mM dNTP, 5 mL of T4 Polynucleotide Kinase, 4 mL of T4 DNA Polymerase and 1 mL of Large (Klenow) Fragment with shaking at 900 rpm for 30 min at 37 C in Thermomixer C. After washing twice with 500 mL of 1X TWB (5 mM Tris-HCl pH7.5, 0.5 mM EDTA, 1 M NaCl, 0.05% Tween 20) for 2 min at 55 C, DNA on beads was A-tailed in the reaction containing 80 mL of ddH 2 O, 10 mL of NEBuffer 2, 5 mL of 10 mM dATP and 5 mL of Klenow Fragment (3 0 /5 0 exo-) with shaking at 900 rpm for 30 min at 37 C in ThermoMixer C. Beads were washed twice with 500 mL 1X TWB for 2 min at 55 C and once with 50 mL of 1X Quick Ligase buffer. DNA on beads was ligated with adaptor in the reaction containing 6.6 mL ddH 2 O, 10 mL of 2X Quick Ligase buffer, 2 mL of Quick ligase (NEB) and 0.4 mL of 20 mM Y-Adaptor (annealed by /5Phos/GATCGGAAGAGCACACGTCTGAACTCCAGTCAC and TACACTCTTTCCCTACACGACGCTCTTCCGATCT) for 45 min at room temperature. Beads were washed twice with 500 mL 1X TWB for 2 min at 55 C and once with 100 mL of Buffer EB. After resuspending in 60 mL of Buffer EB, bead suspension was aliquoted in 3X 20 mL for storage at À20 C. One aliquot of bead suspension was used as a template for PCR amplification with Q5 Hot Star DNA Polymerase, universal primer (AATGATACGGCGACCACCGAGATC TACACTCTTTCCCTACACGAC) and index primer (CAAGCAGAAGACGGCATACGAGAT/index/GTGACTGGAGTTCAGACGTGT) for 10 cycles. PCR products between 300-700 bp were purified as BL-Hi-C library using Ampure XP beads and subjected to Illumina HiSeq X-10 (Annoroad Gene Technology at Beijing) for sequencing.
The ChIA-PET2 v0.9.2 software (Li et al., 2017a) was used for quality control and identification of chromatin interactions with the following parameter setting: -A ACGCGATATCTTATC -B AGTCAGATAAGATAT -s 1 -m 1 -t 4 -k 2 -e 1 -l 15 -S 500 -M ''-q 0.05.'' PCA analysis is then applied to 40-kb resolution interaction matrix generated by HiC-Pro (Servant et al., 2015) , and regions of continuous positive or negative PC1 values were used for the identification of A or B compartments (Heinz et al., 2010) . The interaction matrix was visualized by HiCPlotter (Akdemir and Chin, 2015) . High confident interactions were defined as those with q-value < 0.05 for downstream analysis. To perform promoter-centered analysis, for each promoter (±2 kb TSS regions), PETs with one end overlapped with the promoter were counted in each condition, and normalized and tested by DESeq2 (Love et al., 2014) . Fold change was then plotted against normalized PETs counts in control condition ( Figure 6F ). To specifically examine whether the YY1-mediated promoterenhancer interaction is changed upon knockdown of RBM25, we then focused only on active promoters and enhancers mediated interactions, where active promoters and enhancers are defined as those overlapped with H3K27ac ChIP-seq peaks. Three subsets of interactions were further defined based on presence of YY1/RBM25 chromatin binding: i) YY1 at both ends of the interaction, ii) both RBM25 and YY1 at both ends, iii) YY1 at neither end. Promoters with significantly differential promoter-enhancer interaction before and after knockdown of RBM25 were then defined using DESeq2 (Love et al., 2014) at the cutoff of q-value < 0.05, with their fold changes of interaction frequency displayed as boxplots ( Figure 6G ).
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical parameters were reported either in individual figures or corresponding figure legends. Quantification data are in general presented as bar/line plots, with the error bar representing mean ± SEM or SD, or boxplot, showing the median (middle line), first and third quartiles (box boundaries), and furthest observation or 1.5 times of the interquartile (end of whisker). All statistical analyses were done in R. Whenever asterisks are used to indicate statistical significance, *stands for p < 0.05; **p < 0.01, and ***p < 0.001.
DATA AND CODE AVAILABILITY
The accession numbers for the raw data FASTQ files and processed BigWig files for all sequencing data deposited in NCBI GEO are GEO: GSE120104, GSE120105 and GSE120023. Original gel imaging data can be accessed from Mendeley (https://doi.org/10. 17632/svg4vyf2ry.1).
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(legend on next page) Figure S1 . Additional Characterization of RBP ChIP-Seq Data, Related to Figure 1 (A) Comparison between ChIP-seq profiles of the RNA binding RNAPII subunit POLR2G generated in this study and the existing ENCODE RNAPII. POLR2G ChIP-seq peaks are ordered based on signal intensity in the ± 5 kb window and aligned at peak center. (B) RBP ChIP-seq peak number (top) and size range (bottom) in HepG2 (orange) and K562 (blue) cells. *indicates RBPs that fell short of the ENCODE cutoff, which correspond to the light blue group in Figure 1A . (C) Correlation between RBP occupancy and specific histone modifications as indicated. (D) Relative RBP ChIP-seq signals in different genome segmentations in K562 cells, as defined in Figure 1E . (E) The accumulative coverage of gene promoters by surveyed RBPs in HepG2 (left) and K562 (right) cells. Pink line: The data with total RBPs surveyed that include previously annotated TFs (Class iii described in the legend for Figure 1A) ; Blue line: The data with total surveyed RBPs excluding the previously annotated TFs. (F) Distribution of simulated versus observed RBP co-binding events. The simulated events are based the numbers of co-localized RBPs counted and the frequencies calculated, assuming that RBP binding sites are randomly distributed among DNase I hypersensitive sites. The real data are displayed in the same way for comparison. U2AF1  HNRNPH1  SFPQ  U2AF2  GTF2F1  CCAR2  BRCA1  CHD2  ZBTB33  IRF3  PRPF4  PTBP1  TR4  NRSF  SP2  COREST  RFX5  POL2  TBP  SIN3K20  MYC  MXI1  HNRNPUL1  SRF  MAZ  YY1  XRCC5  SAFB2  ELF1   TARDBP  FUS  HNRNPC  HNRNPLL  TAF15  RBM39  SRSF1  TAF1  NONO  NRF1  GABPA  ZBTB7A   POL2S2  RBM22  SRSF4  AGO2  RBFOX2  POLR2G  AGO1  HNRNPK  PCBP2  PCBP1  HNRNPL  RBM25  EZH2   MAX  ATF3  USF2  USF1  BHLHE40 CEBPD  CEBPB   FOXA2  FOXA1  TCF12  MBD4  MYBL2  NFIC  TCF7L2  TEAD4  ARID3A  HDAC2  P300  RXRA  SP1  HNF4G  HNF4A   JUND  CJUN  FOSL2   CTCF  RAD21  SMC3 Figure S4 . Evaluation of NMF Analysis, Related to Figure 4 (A) Criteria for estimating a maximal stable factorization rank in NMF analysis. Grey line: the factorization rank of 17 was chosen for the representation of RBP and TF groups in Figure 4A. (B) The average connectivity matrix in NMF analysis, showing multiple groups that are distinct from each other. (C) Venn diagram of co-localization of RBM25, XRCC5, and YY1 in K562 cells, and as in Figure 4E , each fraction of the Venn diagram was quantified as the percentage of peaks for each RBP.
(legend on next page) Figure S5 . Transcriptional Response to Knockdown of RBM25 or YY1, Related to Figure 5 
